ABSTRACT: When the inspection robot runs on the overhead transmission line, self-adaptive climbing ability is an important index to estimate the robot application to real complex conditions, especially in the mountainous areas. The slipping of driving wheel usually happens when the robot climbs the lines with slopes, which would increase the abrasion of the driving wheel, reduce the efficiency of operation and waste the energy. So it is important to develop the wheels slipping identification and control method to improve the climbing ability of the inspection robot. This paper proposed a self-adaptive slipping identification and control method aiming to solve the slipping problem of the driving wheels. Firstly, the mechanism and force situation of the robot has been analyzed when the wheel slipping happens. Then we discussed the major factors to control the robot slipping and developed a dynamic model to identify the wheel slipping. Finally, we proposed a slipping identification strategy and a fuzzy control-based slipping control method. This slipping identification and control method have been tested by the experimental and practical field experiments to make the robot run in the experimental lines and the high voltage transmission lines (HVTL) in real, respectively. The performance results indicate that the proposed method is effective to improve the robot self-adaptive capacity to climb on the lines with slope and enhance the autonomous climbing and running ability of the robot.
INTRODUCTION
Inspection robot has been widely used to figure out the faults on the high voltage transmission line (HVTL) due to its significant advantages of wider view and smaller cost comparing with the manual inspection and helicopter inspection. Great effort has been spent to study the mechanical structure of the inspection robots, optimum obstacle crossing plan, the structure of the controlling hardware and software as well as the energy distribution planning. And many inspection robots have been developed [1] [2] [3] . Sawada et al. introduced a mobile robot [4] , which could cross HVTL's obstacles with an arc-shaped arm. The Hydro-Quebec research institute (IREQ) developed two generations of inspection robots named LineROver and LineScout [5] [6] [7] [8] . These two robots could inspect the HVTL and cross the major obstacles except the tension tower. The robot Expliner was made by Tokyo Institute of Technology [9, 10] , which could cross the HVTL's obstacles with four wheels structure. However, the plan to navigate the obstacles was too complex to inspect the HVTL efficiently.
When the slope of transmission line is relatively small, the driving wheel slipping is not easily to happen. However, the slipping risk increases along the slope increasing, especially in mountain area with complex topography conditions. Driving wheel slipping would mislead the robot navigation. It also increases the abrasion of the driving wheel, reduces the efficiency of operation and wastes the energy. So, the slipping of driving wheel greatly hampers the robot compatibility and adaptability to be widely used. Then how to control the driving wheel's slipping phenomenon becomes one of the most important keys to make the inspection robot applicable. Since the slip happens under the condition with relative high slopes, it will decrease the climbing ability of the robots. The current robots paid more attention to improve the climbing ability rather than controlling the wheel slipping. The inspection robots made by IREQ increased their climbing capability by clamping the HVTL with grip jaws. This method required the robot to crawl along the HVTL instead of to run by the driving wheels. Another robot named as AApc-C3 made by the Institute of Automation of Chinese Academy of Sciences in Shenyang increased its climbing capability by adjusting its gravity centre and balancing the load between the two wheels to enhance the motor efficiency [11] . However, when the above mentioned robots run on the lines with slopes, the driving wheel slip still happened simultaneously, and these robots cannot eliminate the abrasion of the driving wheel and the waste of energy due to slipping.
This study aims on identifying and eliminating the wheels slipping when the robot runs along the HVTL. An efficient fuzzy control-based slipping control method has been proposed to improve the climbing and running ability of the robot on the inclined line, and further to enhance the robot applicability. Firstly, the mechanism of the robot has been introduced. And the force analysis of the driving wheel was carried out to obtain the theoretical criteria for judging the happen of the slipping under the circumstance of the robot running on the inclined lines. Then the most important impact factor to control the slipping has been figured out to be the pressure pinch rollers provided. Increasing the pressure is considered as an effective way to eliminate the driving wheel slipping. In order to design the detailed control strategy, the slipping phenomenon has been clarified to five stages according to the slipping rate, and each of them was imposed with their specified slipping control method decided by the designed fuzzy controller. The proposed method has been validated by an experiment on the simulated transmission line, which demonstrated that the method was effective to identify the slipping and the robot could choose the reasonable control method according to the current slipping stage. The robot was further applied to a real mountainous area to inspect the transmission lines. The records revealed that the robot identified the happening of slipping and then took the control method subsequently to eliminate the slipping effectively. So the proposed method is reasonable and applicable and can be adopted in the practical inclined lines to control the driving wheel slipping.
INSPECTION ROBOT AND THE INFLUENCED FACTORS ON SLIPPING CONTROLLING

Mechanism and force analysis of robot
The inspection robot is composed of three main parts, which are the body and two arms, as shown in Figure  1 . Each arm has a driving wheel and owns three joints for translating the pinch roller, rotating the arm, and translating the arm along the main body. The force analysis of the inspection robot when it runs on the transmission lines normally with the pinch rollers away from HVTL is shown in Figure 2 . In the figure, MD is the driving torque; Ff and Ff´are the adhesion forces acting on the two driving wheels; FR and FR´are the rolling resistance forces acting on the two driving wheels; G is the gravity of the inspection robot; FN and FN´are the support forces against the gravity acting on the two driving wheels. Considering the symmetrical structure of the two arms, the force conditions of the robot can be formulated as follows, where θ is the slope of the transmission line.
Since the rolling resistance forces FR and FR´can be neglected in Eq. (2) [12] , it can be easily found that the Ff should be larger than (Gsinθ)/2 to keep the robot to move forward. Otherwise, the slipping would happen. So the force condition of slipping happening can be written as, We further consider the Ff as the interaction between the driving wheel and line, which can be formulated as,
where μ is the maximum adhesion coefficient. Derived from (4) and (5), we can further establish the slipping happening condition of the driving wheel when FN meets the condition given by,
From (1), (3) and (6), the maximum inclined angle θmax that the robot can climb when the pinch rollers are away from the line can be calculated by,
Analysis of driving wheel slipping
The judgment of the robot slipping was based on the force analysis of the robot in Section 2.1, which shows that the happening of driving wheel slipping is related to the slope θ, the adhesion coefficient μ as well as the resultant support force Fz. θ is determined by the line environment and can be measured by the inclinometer assembled in the control box of the robot. μ is relevant with roughness and slippery degrees of the contact patch, sliding speed of the driving wheel, loads on the contact patch, temperature, and other factors. The insufficient adhesion coefficient μ would cause the driving wheel to slip. However, the slope θ and the adhesion coefficient μ cannot be controlled manually. Then the only way to eliminate slippage is to increase the resultant support force Fz. Raising the pinch rollers to press the HVTL is an efficient way to increase Fz . The force analysis of the inspection robot when the pinch rollers press the HVTL is shown in Figure 3 . In this figure, FN From the above analysis, increasing FP and FP' is the key to eliminate the slipping manually. However, FP and FP' cannot increase unboundedly because it is limited by the actuating ability of the motor which drives the driving wheel. On the other hand, it will be ineffective to eliminate the slipping if FP is too small. So we need to decide appropriate presses force from the pinch rollers and in order to specify the press force, identifying the slip stage is necessary.
SLIPPING IDENTIFICATION FOR THE DRIVING WHEELS
The slipping identification model
For the lack of drive unit, the pinch rollers are driven rollers. The slipping identifying sensors are installed on the pinch rollers, which are part of the press mechanism of the robot. When the driving wheels travel along the HVTL, the sensor will detect the velocity of the pinch rollers. When the driving wheel is rotating by angular velocity ωd, the pinch rollers will rotate because of the contact with the HVTL. The rotation angular velocity is presented as ωp shown in Figure 4 . The sensor will produce pulse signal when the pinch rollers rotate, and the control system will calculate the rotate numbers of the pinch rollers by collect the pulse step times. Then we can calculate the rotate speed of the pinch rollers. The actual angular velocity of the pinch rollers could be formulated as (8),
where Np is the pulse numbers measured from moment t1 to t2, and Np could be positive or negative. Np > 0 represents that the count is forward, and Np < 0 represents that the count is backward. np is the pulse number when the pinch roller rotates for one circle. ωp(Δt) represents the average angular velocity during Δt. 
The slipping identification theory
As shown in Figure 4 , the driving wheels and pinch rollers will rotate simultaneously when the driving wheel does not slip, the velocity of driving wheel and pinch roller can be formulated as follows,
where vd is the velocity of the driving wheel; vp is the velocity of the pinch roller; ωd is the angular velocity of driving wheel; ωp is the theoretical angular velocity of the pinch roller, and formula (12) could be achieved.
The motor for driving wheel is installed with encoder and controlled by servo control unit, so ωd can be calculated from the feedback of encoder. The calculation method is shown as follows,
where Nd is the pulse number of the driving motor encoder measured from t1 to t2; nd is the pulse number that the encoder produced when the driving wheel makes one rotation; ωd(Δt) represents the average angular velocity during Δt. ωp(Δt) is calculated by formula (8) , and the driving wheel is slipping if ωp(Δt) is not equal to ωd(Δt). We further use the slip rate (Δt) as a index to represent the slip level of the driving wheel, which can be formulated as,
According to the slip level, the slip condition can be classified as five conditions, which are no slipping condition Sn, slight slipping condition Ss, thoroughly slipping condition Sb, the driving wheel locking condition Sl, and glide condition Sg. The distribution diagram of these five conditions is shown as Figure 5 . And the details of the classification criteria are shown as follows, According to the five motion conditions mentioned above, it can be achieved to identify the slipping of driving wheel. 
THE SLIPPING CONTROL FOR THE DRIVING WHEELS
The slipping control principle
The slipping control principle is shown in Figure 6 . When the robot runs along the straight line, a real time detection thread will be turned on to identify the slipping condition of the driving wheels and to detect the slope of transmission line. The specified controlling strategy was decided by the slipping controller according to the slipping condition. Then the robot implements the strategy by sending motion control command. The command parser generates servo control command for motors based on the motion control command. According to the command, the servo controller of pressing mechanism drives the pressing motor. Depending on the slipping identification theory mentioned in section 3.2, the slipping identification unit will provide feedback in real time of the robot's walking condition, which could be sent to the slipping controller. It should be noted that the robot can receive control command such as the remote operation command from the base station while implementing the slipping control strategy. Then the adaptation of the robot's motion control can be greatly improved. 
The regulatory mechanism of pressing force
By the analysis above, it can be found that regulating the pressing force is the major measurement to control the driving wheel slipping. Pressing force mainly originated from when the pinch rollers pressing the HVTL driven by the pressing motor. However, the diameter of HVTL is not a constant because the HVTL is made of stranded wires. So the appropriate pressing force should be changed according to the diameter of the HVTL. Precisely estimation of the pressing force by the relationship between the force and the electric current of the motors is very difficult. So the driving motor is easily locked with the changing diameter of the HVTL. In order to adapt the diameter change of the HVTL, a spring was added to connect the pressing mechanism with the pinch rollers. Basing on the Hooke law, the force of the spring is directly related to its deformation, and the calculation formula is shown in formula (15),
where Fs is the force which the spring bears. x is the deformation of spring. k is the spring coefficient, and it can be calculated by the formula(16),
where Gs is the rigidity modulus of the wire. d is the diameter of the wire. Nc is the number of the effective coils. Dm is the center diameter. When the pinch rollers were contacting the HVTL, driving the pressing motor to provide the pressing force will result in the deformation of spring. And the pressing force will be transmitted to the pinch roller by the spring. So the support force should meet the requirement of formula (17).
When the driving wheels slip, the pressing force should be increased to control the slip. The increased pressing force can be derived from formulas (6) and (17), as shown in formula (18).
The deformation produced by the pressing motor to press the spring is shown in formula (19). 
Design of slipping controller
By the theoretical analysis above, it could be known that the driving wheel slipping is mainly related to θ, μ and Fz. In real world condition, the factors to control the driving wheel slipping are very complicated, including the HVTL environment, roughness and slippery degrees of the contact patch, sliding speed of the driving wheel, vibration, wind load, and so on. Therefore, it is not accurate enough to control the slipping of driving wheel only according to formula (19). More complex fuzzy control method is necessary. A two-dimensional fuzzy controller is designed, as shown in Figure 7 , the line slope θ and the slip rate  are input of fuzzy control system and the distance of the pressing motor x is output of fuzzy control system to eliminate the driving wheel slipping, defined as u(t). ζ(t) is the control disturbance caused by the mechanism error and the sensor precision. ( ) t  is the feedback disturbance caused by the wind load and inertia. The detailed procedure of the fuzzy control algorithm is as follows,
(1) Determining the discourse domain of control variable and membership functions.
According to the experiments, the effective line slope range is θ∈ [-35°,35°] . The slip rate range is  (-∞,+∞), and the driving wheel slip condition is S ∈{ Sg, Sb, Ss, Sn ,Sl }. Based on the experience of robot control and experimental data, the discourse domain of θ is Eθ∈{ [-35,-25) , [-25,-15 membership function is shown in Figure 8(b) . It can be found that the control characteristic is smooth, which is helpful to improve the stability of the control system. (2) Determining the discourse domain of output variable
Based on the experience of robot control and experimental data, the universe of x is Ex ∈ {-12.6,-8. 
where Ri is the control rule; xi is the trip of the pressing motor; Ai is the fuzzy subset in the domain of the linguistic variable corresponding to θ; Bi is the fuzzy subset in the domain of the linguistic variable corresponding to ; Ci is the fuzzy subset in the domain of the linguistic variable corresponding to x. The fuzzy relationship corresponding to the fuzzy control rule of formula (20) is shown in (21),
The fuzzy control decision rule is shown in Table 1 . According to the experiments, when θ is small, it is impossible for the driving wheel to be under the glide condition Sg, the full slip condition Sb or the slight slip condition Ss. 
EXPERIMENTS AND OPERATION
In order to verify the proposed slipping control method, experiments were carried out in the experiment field at Wuhan University with the experimental system 1:1 of the ground wire. Then a field operation was implemented in the in-service line section, named Songchangjia Line that was under the administration of Baishan City, Jilin Province, to test the applicability and efficiency of the robot to the complicated real world conditions.
Operations in the experiment line
The experiment line is shown in Figure 9 . The slope can change according to the requirements from 0° to a maximum slope 35°. Under the circumstance when the line was dry, the line slopes were adjusted as 0°, 5°, 12°, 16°, 22°, 26°, 30° and 35°. The climbing tests for 10 times continuously for each slope. In each climbing test, the motor was running at different speeds ranging from 0.5 km/h to 5.0 km/h. The slipping testing results with the speed 3.2 km/h, which was considered as the most common running speed, at different slopes were selected and shown is Table 2 . The experimental data showed that there was no slipping happening when the robot ran on the line with the slope below 26°. And under this condition, the pinch rollers were away from the line. There was one time slipping happening when the gradient was 26°, and three times of slipping when the gradient was 30°. When the gradient was adjusted as 35°, the slipping times came to 6. So, implementing the slipping control in the process of climbing upward is necessary to help the robot reach the destination successfully. Table 2 also showed that no slipping phenomenon was found when the robot was running downward with the slope below 35°. However, when the slope was larger than 35°, slight slipping was found. However, the real HVTL presents a parabola shape because of the ground wire gravity, and the slope decreases slightly. So, under the circumstance of the robot running downward, it seems not unnecessary to carry out the slipping control. Figure 10 . Process of slipping control with the slope of 26°. While running in the slopes of 26°, 30° and 35°, the response time of slipping control for robot were shown in Figure 10 , Figure 11 and Figure 12 , respectively. It can be seen from Figure 10 that the robot only had slipping in the initial stage. After 1 second, it was recovered to a normal running condition quickly. Figure 11 showed that the robot was recovered to a normal running condition after taking three times of slipping control when the gradient was 30°. It can be seen from Figure 12 that the robot could have frequent slipping problems in the initial stage with the slope of 35°. After taking the slipping control for the first slipping, the robot was recovered to a normal running condition. And later on, there were two times of slipping happening due to the diameter change of the lines. However, after taking the slipping control, the slipping rates were 0.9 and 0.8, respectively, which also demonstrated the effectiveness of the controlling actions. Besides, the robot could be recovered to a normal running condition quickly. These experiment results showed that the proposed slipping control method of the robot was effective, stable and the response was quick.
Figure 13 also showed the three major running stages of the robot with the slope of 35° in the experimental line. Figure 13 
Field operation
The field operation run on a 220kV in-service line, named Songchangjia Line, located in Baishan City, Jilin Province. The robot runs through from No.112 Tower to No.164 Tower. The total distance of this line was 20km crossing through the virgin forest, with most part out of the reach of human. The slope ranged from 0° to 18° throughout the line. Due to the limitation of short communication distance, the robot was unable to receive the commands from the control of base station. The robot should accomplish the inspection task fully autonomously. Thus, the slipping control to improve the self-adaption climbing ability was important for the robot. Otherwise, it would fail to accomplish the inspection task under the condition of the large slope. The field operation lasted from July 1, 2013 to July 15, 2013, running on the different sections between No. 112 Tower and No. 164 Tower. The longest distance that the robot runs through was 12 km for one operation. In each operation, the robot recorded the slipping rate for the whole running time. We chose one record to show the operation state of the robot, which was from No.158 Tower to No.159 Tower with the length of 350 m. This section was selected because of the relative larger line slope 15° and obvious slipping phenomenon happened. The results are shown in Figure 14 . Three slipping phenomena were observed. The practical field operation photos were shown in Figure 15 . The experimental results showed that the slipping could be controlled effectively. The response was quick to meet the actual running requirements. So the robot could adjust to the line environment at this complex mountainous area and accomplish the inspection task autonomously. 
CONCLUSIONS
A self-adaptive slipping identification and control method has been proposed in this paper aiming to solve the robot's slipping problem. The disadvantages caused by robot slipping problem was firstly described.
Then the mechanism and force condition of robot were analyzed. Besides, the reasons resulting in the robot slipping were analyzed comprehensively. Then, slipping detection model was built to detect the angular velocity of the pinch rollers. The slipping identification theory was proposed based on the slip rate. Five motion conditions were clarified to identify the slipping stage of driving wheel. Furthermore, slipping control principle and pressing force regulation control mechanism were proposed respectively. And then, the slipping controller based on fuzzy method was proposed. Finally, the validity and efficiency of the methods proposed were verified by experiments through simulation line and field operations. Experimental results showed that the slipping control method based on fuzzy control could help to solve slipping problems effectively. Moreover, the autonomous climbing ability was improved for robot, which also met the operation requirements in real world.
